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Impairment of glomerular clearance of macroaggregates
in immune complex glomerulonephritis
ZEEV SHARON, MELVIN M. SCHWARTZ, BENEDICHT U. PAUL!, and EDMUND J. LEwIs
Departments of Medicine and Pathology, Rush Medical College, Chicago, Illinois
Impairment of glomerular clearance of macroaggregates in immune
complex glomerulonephritis. Autologous immune complex glomerulone-
phritis (AICGN, Heymann nephritis) in rats is characterized by the
accumulation of immune deposits in a subepithelia! location. Prot-
amine-heparin aggregates with similar localization are normally cleared
by glomerular epithelial cell endocytosis. The kinetics of protamine-
heparin aggregate clearance from the lamina rara externa of the
glomerular basement membrane in rats with AICGN were investigated.
In the early stages of AICGN, the baseline numerical density of
protamine-heparin aggregates at sites of immune deposit accumulation
was 37.8 8.4 (mean SEM) aggregates per 100 p., significantly lower
than the 71 6.9 aggregates per 100 p. in the normal appearing, immune
deposit free, zone of the glomerular basement membrane (P < 0.05).
The aggregates localizing along the normal appearing parts of the lamina
rara externa disappeared according to first order kinetics, similar to
their clearance in normal animals. The numerical density after 3 hr in
this zone of the membrane was 21.7% 3.5 of the baseline at 5mm By
contrast, at sites of immune deposit accumulation, the aggregates were
not cleared and actually accumulated to 160.9% 12.4 of the baseline
at 3 hr. It is proposed that there is impaired epithelial cell endocytic
function in early AICGN, which could contribute to the perpetuation of
the immune-deposit mediated lesion.
Alteration de Ia clairance glomerulaire de macroagregats au cours des
glomerulonéphrites a immuns complexes. La glomérulonephrite a im-
muns complexes autologues (AICGN, néphrite de Heymann) chez les
rats se caractérise par l'accumulation de depOts immuns sous endothë-
liaux. Les agrégats de protamine-héparine localisés au même endroit
sont normalement éliminés par endocytose par les cellules épithéliales
glomérulaires. La cinetique de Ia disparition des agrégats de protamine-
héparine a partir de Ia lamina rara externa de Ia membrane basale
glomérulaire de rats atteints d'AICGN étaient étudié. Au stade précoce
de I'AICGN, Ia densitd numerique de base des agrégats a l'endroit de
l'accumulation des depOts immuns était de 37,8 8,4 (moyenne SEM)
agregats par 100 p., valeur significativement plus faible que 71 6,9
agrégats par 100 p. dans Ia zone de membrane basale glomérulaire tout a
fait normale, sans depOt immun (P < 0.05). Les agrégats siègeant Ic long
des parties d'aspect normal de Ia lamina rara externa disparaissaient
avec une cindtique du premier ordre, semblable a leur clairance chez
des animaux normaux. La densité numerique après 3 hr dans cette
partie de Ia membrane était de 21,7% 3,5% de La valeur debase après
s mm. A l'opposC, a l'endroit des accumulations de depOts immuns, les
agrégats ne disparaissaient pas, et même s'accumulaient, atteignant
160,9% 12,4 de Ia valeur de base a 3 heures. 11 est suggéré qu'il y a
une alteration de Ia fonction endocytaire des cellules epitheliales au
debut de l'AICGN, qui pourrait contribuer a Ia persistance des lesions
dues aux dépôts immuns.
Received for publication July 23, 1981
and in revised form November 18, 1982
0085—2538/82/0022—0008 $01.00
© 1982 by the International Society of Nephrology
Glomerulopathies characterized morphologically by the pres-
ence of subepithelial immune deposits are considered to be
immune-complex mediated [11. In some conditions, such as
poststreptococcal glomerulonephritis [2] and membranous gb-
merulonephritis [3], subepithelial deposits disappear implying
the existence of a mechanism responsible for clearing the
lamina rara externa of these macromolecular residues. While
the mechanisms causing removal of immune deposits is un-
known, the proximity of the visceral epithelial cell raises the
possibility that this cell is a participant. Glomerular visceral
epithelial cells have been observed to remove macromolecular
material from the lamina rara externa by the process of endocy-
tosis [4—71. It is therefore possible that the formation and
persistence of subepithelial immune aggregates in glomerular
diseases can be due to the deposition of material at a rate which
exceeds the maximal endocytic capacity of the normal epithelial
cell or to defective endocytosis.
This function of the epithelial cell has not been evaluated
thoroughly because of the difficulty of delivering traceable
macromolecular or particulate material to the glomerular epi-
thelial cell in the presence of an intact basement membrane.
Recently, Seiler, Venkatachalam, and Cotran observed that
perfusion of kidneys with protamine followed by heparin result-
ed in the formation of electron dense protamine-heparin aggre-
gates in the lamina rara externa [81. These aggregates disappear
from the subepithelial region over a period of hours [7].
Morphological and kinetic studies suggest that epithelial cell
endocytosis plays a major role in their disappearance [10—12].
Using protamine-heparin aggregates as tracers, we studied the
rate of their disappearance from the lamina rara externa during
the development of autologous immune-complex glomerulone-
phritis (AICGN).
Methods
Animals. Two inbred strains of rats, Sprague-Dawley and
Wistar-Lewis, were obtained from Charles River Breeding
Laboratories, Inc., Wilmington, Massachusetts, and were fed
Purina pet chow and water ad libitum until the day of the
experiment. Male rats weighing 150 to 200 g at the start of the
experiments were used exclusively.
Induction of Heytnann nephritis. Glomerulonephritis was
8
induced in Lewis rats using Sprague-Dawley rats as a source of
renal antigen. Antigen preparation and immunization proce-
dures were performed according to previously published tech-
niques [12]. Briefly, the abdomens of the ether-anesthetized
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Fig. 1. Direct immunofluorescence with fluorescein-isothiocyanate con-
jugated rabbit anti-rat lgG. Four weeks after immunization, granular
deposits of IgG are evident along the capillary walls of the glomerulus.
(x250)
donor rats were opened, and their kidneys were perfused with
iced phosphate-buffered saline, pH 7.3 (PBS) via an aortic
puncture distal to the origin of the renal arteries. The blood free
kidneys were then decapsulated, and the cortices were separat-
ed, minced, and pressed through a no. 140 stainless steel sieve.
The mashed tissue was suspended in PBS and centrifuged at 400
x g. The supernatant was centrifuged at 78,680 x g for 45 mm
and then washed. The sediment was dialyzed against distilled
water, lyophilized, and stored at 4° C. Immunization consisted
of a single 0.15 ml injection into the rear foot pad of an emulsion
containing 3 mg of the saline-insoluble antigen suspended in
PBS and an equal volume of complete Freund's adjuvant
containing 4 mg/ml of Mycobacterium tuberculosis H37RA
(Difco Laboratories, Detroit, Michigan).
Determination of urinary protein. Twenty-four-hour urine
collections were performed weekly upon animals kept in meta-
bolic cages and given water ad libitum. The protein content in
the urine was determined using 3% sulfasalicylic acid with
human serum albumin as the reference standard. Normal rat 24-
hr protein excretion in our laboratory was below 10 mg [13].
Renal biopsies. Renal biopsies were performed 4 weeks after
immunization and sequentially at the time of the experiment.
The kidney was approached through a small flank incision with
the animal under ether anesthesia. A small cortical wedge was
obtained; the bleeding was controlled by immediate application
of gel foam, The tissue specimens were processed for light,
immunofluorescence, and electron microscopy according to
previously described methods [7].
Experimental design. The introduction of protamine-heparin
aggregates into the lamina rara externa was achieved by the
intravenous injection of protamine sulfate (salmon sperm prot-
amine, Eli Lilly and Co., Indianapolis, Indiana), 3 mg/IOOg
body wt, followed 60 sec later by heparin (beef lung sodium
heparin, Upjohn Company, Kalamazoo, Michigan), 300 U/bOg
body wt. This protocol results in the formation of protamine-
heparin aggregates which are relatively uniform with respect to
form and size [7]. The animals for this study were selected 4
weeks after immunization if they had granular deposits of IgG in
a peripheral capillary distribution (Fig. 1) and a normal 24-hr
protein excretion. Sequential renal biopsies were performed 5,
30, 60, 90, 120, and 180 mm after the injection, and the tissue
was processed for electron microscopy.
Morphometrics. Three randomly selected glomeruli from
each biopsy specimen were sectioned. Seven to eight random
fields from each glomerulus were photographed using a Philips
300 electron microscope and printed at a final magnification of
x6800. The micrographs were mounted on a Graph/Pen GP-3
tablet (Science Accessory Corporation, Southport, Connecti-
cut) equipped with a sonic digitizer and sensors along the x and
y axes. Two separate zones of the basal lamina were traced with
the sonic digitizer (Fig. 2). Zone 1 included the portion of the
basal lamina which appeared normal and was free of epimem-
branous electron dense deposits. Zone 2 included the areas of
the basal lamina which showed epimembranous electron dense
deposits. The tracing was performed along the epithelial cell
plasma membrane overlaying the deposits in Zone 2 and the
lamina rara externa in Zone 1 (Fig. 2). Zones I and 2 were
always adjacent areas of the same capillary loops and were
traced separately in each randomly photographed field. Pictures
depicting tangential cuts of the capillary wall were discarded.
Only pictures showing uniform width of the normal appearing
segments of the GBM were used. The digitizer was constantly
monitored by the sensors which were interfaced with a pro-
grammed minicomputer (Hewlett-Packard 9830A with a 4K
memory), thus translating the tracing on the micrograph into the
length of each zone of the capillary perimeter. The protamine-
heparin aggregates in the lamina rara externa in direct apposi-
tion to the cell plasma membrane in Zone 1 and those directly
under the cell plasma membrane but above the immune aggre-
gates in Zone 2 were counted separately. Their number was fed
into the program which determined the numerical density of
protamine-heparin aggregates as the number of aggregates per
100 p. of traced length in each zone. The numerical density at
each time interval was expressed as the percentage of the
numerical density of the biopsy specimen obtained at 5 mm.
Disappearance curves for each zone were constructed by
plotting the percentages of the numerical densities at each time
interval on a semilogarithmic scale against time.
Statistical analysis. The linearity of the disappearance curves
was tested by regression analysis. In each animal the numerical
densities of Zones 1 and 2 were compared using the Student's
test for paired data. The group mean values in both zones were
compared using analysis of variance. A P value of less than 0.05
was considered statistically significant.
Results
All immunized rats developed glomerular abnormalities char-
acteristic of early AICGN. Immunofluorescence microscopy
revealed finely granular IgG deposits scattered along the capil-
lary walls (Fig. 1). Trace amounts of C3 were present in the
same distribution. When examined by light and electron micros-
copy, the capillary walls appeared well preserved. Small elec-
tron dense deposits were scattered along the subepithelial
surface of the glomerular basement membrane (GBM). The
deposits were in direct contact with the epithelial cell plasma
membrane. The epithelial foot processes overlying the immune
deposits often appeared swollen or fused (Fig. 2). The immune
deposit free areas of the capillary walls had a normal appear-
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Fig. 2. Elect romicrograph of a segment of the gloinerular capillary wall 4 weeks after immunization. Electron dense immune deposits (asterisk) and
round dense protamine-heparin aggregates (arrows) are localized in the subepithelial region. Symbols are straight line, Zone I; broken line, Zone 2.
(x 25,000)
protamine-heparin aggregates appeared denser and were easily
distinguishable from the former. They were scattered under,
-
j— — — 4 - within, and above the immune aggregates. Morphologic evi-
dence of endocytosis of protamine-heparin aggregates by the
epithelial cells was observed frequently along the normal parts
of the GBM (Zone 1) but was rare in the areas of the capillary
wall with immune aggregate deposition (Zone 2).
The numerical density of protamine-heparin aggregates 5 mm
after administration of protamine-heparin was 71 6.9 (mean
sEM) aggregates per 100 p. in Zone I and 37.8 8.4 in Zone 2 (P
<0.05).
The kinetics of protamine-heparin aggregate disappearance
from the normal, immune deposit free, Zone 1 of the glomerular
basement membrane was described by a straight declining line
Zone 1 .—. (R2 = 0.97; Fig. 3). By contrast, the quantity of protamine-
Zone 2 • -s heparin aggregates in Zone 2 of the basal lamina did not
diminish during the 3-hr period of the experiment. Rather,
aggregates in these areas tended to accumulate toward the end
of the experiment. The accumulation was also described by a
straight line (R2 = 0.90; Fig. 3). At the end of the 3-hr
I I I I I experiment, 21.7% 3.5 (mean SlIM) of the baseline prot-
30 60 90 120 150 180 amine-heparin aggregate remained in the normal areas of the
basement membrane; while in the areas with epimembranous
immune deposits, the protamine-heparin aggregates increased
to 160.9% 12.4 (mean sEM) of the baseline (P < 0.01). The
grouped means in each zone, as well as the numerical densities
in Zones 1 and 2 in each individual animal, were compared and
found to be significantly different (P < 0.05).
Discussion
Our studies in early AICGN reveal two phenomena which
indicate that the zone of the lamina rara externa at the site of an
immune deposit is different from that which appears morpho-
logically normal. There were fewer protamine-heparin aggre-
gates localized to this zone at the initiation of the experiment. In
addition these aggregates did not disappear from this zone as
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Fig. 3. Kinetics of protamine-heparin aggregate disappearance from
the lamina rara externa of the glomerular basement membrane in early
AICGN. Zone I corresponds to the normal appearing, immune deposit
free areas of the GBM. Zone 2 corresponds to sites of immune deposit
accumulation. Each dot represents the mean SEM results of 4 animals
studied.
ance. The overall ultrastructural appearance of the basement
membrane was normal. The mean protein excretion of the rats
on the day prior to study was 5.1 mg 0.9 (slIM).
The protamine-heparin aggregates localized mainly along the
peripheral capillary walls and were most numerous in the
lamina rara externa. In areas of immune aggregate localization,
a
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they did from the normal appearing areas of the glomerular
basement membrane.
Several factors may be involved in the determination of the
glomerular localization of protamine-heparin aggregates. Their
deposition in the lamina rara externa of the glomerular base-
ment membrane appears to result from the in situ aggregation of
protamine and heparin [7]. The protamine, a polycation, pre-
sumably binds to fixed anionic sites which are regularly spaced
within the lamina rara externa [14]. The polyanionic heparin
later combines with the fixed protamine to form the subepithe-
hal protamine-heparin deposits. In the present experiments the
numerical density of protamine-heparin aggregates in Zone 2
was significantly lower than Zone 1. The disparity between the
two zones may result from local alteration of anionic site
density. Histochemical techniques fail to demonstrate that the
overall staining of glomerular polyanionic sites in AICGN is
diminished until proteinuria occurs [15], However, it is possible
that the density of anionic sites may diminish locally at sites of
immune aggregate deposition [16]. Alternatively, hemodynamic
factors may play an important role in the localization of
protamine-heparin aggregates. Seiler, Hoyer, and Krueger have
shown that nephrotic rats localize a decreased number of
protamine-heparin aggregates in the lamina rara externa [14].
These authors suggested altered glomerular hemodynamics as
the explanation. Schneeberger, O'Brien, and Grupe showed
that glomerular permeability as manifested by protein excretion
is intact at the early stage of AICGN [16]. In these experiments
the permeability of rat GBM to endogenous albumin, catalase,
and ferritin was increased in regions where immune deposits
were present. The authors suggested that altered GBM hydro-
dynamics may exist in these affected areas of the basement
membrane [16, 17]. Thus, the amount of protamine fixed in the
lamina rara externa to anionic sites, as well as the quantity of
protamine and heparin filtering across the lamina densa may be
decreased in areas where immune-complexes deposit. Either of
these factors would explain the diminished protamine-heparin
aggregate formation noted in our experiments.
The accumulation of protamine-heparin aggregates in Zone 2
could be a consequence of either an impairment in the mecha-
nism responsible for their clearance or of continuous deposition
of aggregates at a rate exceeding the normal rate of their
removal. The latter possibility would require increased delivery
of protamine and heparin to the lamina rara externa in Zone 2.
While permeability of macromolecules increased in the vicinity
of immune aggregates in early AICGN [16, 17], the delivery of
the relatively small molecules protamine and heparin (8,000 to
12,000 daltons) to the lamina rara externa may depend more on
local filtration rates. Differences in filtration rates between
adjacent zones of GBM within capillary loops have not yet been
measured. However, even if increased filtration existed in Zone
2 relative to Zone 1, and increased formation of protamine-
heparin aggregates took place, the rate of their formation would
have to diminish with time, as the concentration of protamine
and heparin decreased. The continuous steady accumulation of
the aggregates over a period of 3 hr suggest that, in addition to
continuous deposition, there may be an impaired clearing
capacity.
There is evidence to suggest that the clearance of protamine-
heparin aggregates from the lamina rara externa in the normal
state may be accomplished by epithelial cell endocytosis. The
size of the aggregates would not permit their passage into the
urinary space through normal epithelial slit pores [7]. Their
clearance proceeds independent of glomerular plasma or filtrate
flow, thus ruling out a "washout" phenomenon [9, 11]. Hypo-
thermia and inhibitors of anaerobic glycolysis suppress their
clearance, implicating a cellular mechanism [11]. Once in the
lamina rara externa, their migration back into the capillary
lumen across the lamina densa and against the flow of glomeru-
lar filtrate is unlikely. The possibility that protamine-heparin
aggregates dissolve spontaneously was ruled out in vitro by
mixing various proportions of protamine and heparin in PBS
and in rat serum at 37° C. In both media the protamine-heparin
precipitates which formed did not dissolve over a 12-hr obser-
vation period (Sharon, unpublished observation). Finally, re-
peated morphological observations support the role of epithelial
cell endocytosis in protamine-heparin aggregate clearance [7, 9,
10].
The results of the present experiments suggest that there may
be an impaired clearance of protamine-heparin aggregates by
the epithelial cell segments in contact with immune deposits.
This could result either from cellular dysfunction or an alter-
ation of the cellular environment interfering with interiorization
of the deposits. To rule out the possibility that immune deposits
mechanically hinder access of epithelial cells to the aggregates,
only those protamine-heparin aggregates which localized direct-
ly under the epithelial cell plasma membrane, and were there-
fore available for endocytosis, were included in the morphomet-
nc analysis. The process by which glomerular epithelial cells
take up protamine-heparin aggregates from the lamina rara
externa of the GBM in many respects may be analogous to
endocytosis by professional phagocytes [18]. The glomerular
epithelial cell does contain the architectural elements necessary
for this process. Actomyosin-like microfibrils have been dem-
onstrated in glomerular epithelial podocytes [19] and are capa-
ble of mediating changes in podocyte morphology [20]. The
functional integrity of these contractile proteins is essential for
endocytosis in professional phagocytes [21]. Morphologically,
the interiorization of protamine-heparin aggregates by the epi-
thehial cell [101 proceeds in a manner analogous to that de-
scribed in macrophage and fibroblast endocytosis [18]. The
functional aspect of epithelial cell endocytosis also resembles
that of professional phagocytes. Epithelial cell endocytosis is a
temperature and energy dependent process [11]. Furthermore,
the first order kinetics of protamine-heparin clearance observed
in in vitro experiments [11] is similar to the kinetics of phagocy-
tosis of the mononuclear phagocytic system [22] and initial rates
of phagocytosis in polymorphonuclear leukocytes [23].
The precise steps involved in the interiorization of protamine-
heparin aggregates are not known. Attachment to the plasma
membrane is an essential step in the transport of a particle to
the interior of a cell [18]. In many instances this is accomplished
by the binding of ligands on the particles to known receptors in
the cell plasma membrane [18]. While mononuclear phagocytic
cells possess specific receptors for a variety of ligands including
C3b [24], IgG-Fc [25], and lipo-proteins [26], only the C3b
receptor thus far has been identified on the surface of the
human glomerular epithelial cell [27]. The existence of C3b
receptors in rat glomeruli is less well documented [281. Howev-
er, as macromolecules such as dextran [6], albumin and ferritin
[4, 5] are readily taken up by rat glomerular epithehial cell, the
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existence of functional receptor sites on the surface of the
epithelial cell plasma membrane is assumed. The anionic sites
surrounding the epithelial cell may conceivably serve as non-
specific receptor sites for positively charged particles.
The results of this study indicate that adjacent segments of
the same epithelial cell may differ in their capacity to take up
protamine-heparin aggregates from the lamina rara externa.
Evidence for a segmental response of the cell surface to a
phagocytic stimulus has been elicited by Griffin and Silverstein
in macrophages [29]. Using particles which attach to Fc recep-
tors on the macrophage membrane, they have shown that
receptors located at different sites on the plasma membrane can
function independently. The endocytic function of the glomeru-
lar epithelial cell in AICGN therefore may be another example
of this phenomenon. The mechanism of this local alteration of
cell surface function remains unknown.
The accumulation of protamine-heparin aggregates and im-
mune aggregates in the same areas of the lamina rara externa in
AICGN suggests that normal endocytosis may be altered. The
recent recognition that the subepithelial immune complexes
may be formed in situ in autologous immune complex glomeru-
lonephritis suggests that alteration of a local antigenic site could
influence the endocytic function of the adjacent cells [301. Our
results indicate that in early AICGN immune aggregates accu-
mulate in subepithelial areas which may be covered by cell
segments with altered endocytic capacity. This alteration of cell
function could contribute to the perpetuation of the immuno-
pathologic lesion.
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